Terahertz optical gain based on intersubband transitions in
optically-pumped semiconductor quantum wells: Coherent

pump-probe interactions

Ansheng Liu* and C. Z. Ning
NASA Ames Research Center, M/S T2TA-1, Moffett Field, CA 94035

* Department of Electrical Engineering, Arizona State University, Tempe, AZ 85287

Abstract

Terahertz optical gain due to intersubband transitions in optically-pumped
semiconductor quantum wells (QW’s) is calculated nonperturbatively. We
solve the pump-field-induced unonequilibrium distribution function for each
subband of the QW system from a set of rate equations that include both
intrasubband and intersubband relaxation processes. The gain arising from
population inversion and stimulated Raman processes is calculated in a uni-
fied manner. We show that the coherent pump and signal wave interactions
contribute significantly to the THz gain. Because of the optical Stark effect
and pump-induced population redistribution, optical gain saturation at larger

pump intensities is predicted.
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In recent years there has been considerable interest in intersubband-transition-based
infrared semiconductor quantum well (QW) lasers because of their potential applications. In
the mid-infrared frequency range, semiconductor quantum cascade lasers based on unipolar
electrical injection were demonstrated experimentally.!™ In these studies, optical gain is
due to global k-space population inversion between the lasing subbands. In addition to the
study of the electrically injected intersubband lasers, optically pumped intersubband lasers
were also proposed®® and experimentally demonstrated in the mid-infrared range.® As in
the electrical pumping case, the appearance of the optical gain in the optically pumped
QW system was mainly attributed to the pump-field-induced population inversion.*™® In a
third-order perturbative theory, it was suggested that stimulated Raman scattering in QW
systems can produce net optical gain, and the maximum gain of the QW system is linearly
propoitional to the pump intensity.”® In such a nonlinear optical scheme, the appearance of
optical gain that may lead to intersubband Raman lasers does not rely on the population
inversion. Since, in the resonant Raman process (Raman gain is the largest in this case), the
strong pump field induces a substantial population redistribution among subbands in the
QW system, it seems that a realistic estimate of the optical gain has to include this effect.
Perturbative calculations may overestimate the Raman gain. Also, the optical Stark effect
was not included in the previous perturbative treatment.”® That cffect certainly influences
the optical gain of the optically-pumped QW system.

In this paper we present a nonperturbative calculation of terahertz gain of optically-
pumped semiconductor step quantum wells.  The optical gain arising from pump-light-
induced population inversion and stimulated Raman processes is calculated in a unified
manner. Limiting optical transitions within the conduction band of the QW, we solve the
pump-field-induced nonequilibrium distribution function for each subband of the QW systemn
from the rate equations. Both intrasubband and intersubband relaxation processes in the
quantim well svstem are included, Taking into account the coherent interactions between
pump and THz (signal) waves, we caleulate the susceptibility of the QW system for the TTlz

ficld. We show that the coherent wave interactions (resonant stimulated Raman processes)



contribute significantly to the THz gain in addition to the contributions from the population
inversion. Owing to the optical Stark effect and pump-light-induced population redistribu-
tion, the maximum gain is in general not linearly proportional to the pump intensity. When
the pump field is sufficiently strong, gain saturation is predicted.

We consider an asymetric step QW structure with three subbands within the conduction
band. The two upper subbands are the lasing states, and the subband energy separation
(E3p) at zero wave vector of electrons (kj = 0) lies in the THz frequency range (1-10 THz
or 4-40 meV). The eigenenergy (E,,) and corresponding wave function (3,,) of the QW are
caleulated from the effective-mass Schrodinger equation coupled with Poisson equation. The
exchange-correlation effect is included in the local density approximation.” The conduction
band nonparabolicity is taken into account by using a subband-energy-dependent effective
mass. 0 A strong pump ficld of frequency w, (hw, = Ej) drives the QW system (see the
inset of Fig. 1). Assuming the electromagnetic conpling from the signal {(THz) wave to the
pump field is weak, we derive the rate equations for the electronic distribution functions
(f(ky) = fin(m = 1,2,3)] for the three subbands from the single-particle density matrix
formalism.'! Including both intrasubband and intersubband relaxation processes, the rate

equations read as
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is the pumping rate from subband i to subband 2. Tu the above equations Tee, T, and

[, are the intrasubband carvicr-carvrier scattrering tune, intersubband relaxation time, and



line broadening, respectively. In the electrical dipole approximation, the matrix element of
the light-quantum-well interaction Hamiltonian is H,,, = —Ejtn,, where E, denotes the
amplitude of the pump electric field that is polarized perpendicular to the wells (in the = axis)
[since the local-field effect is negligibly small for the electron densities used in this paper,
E, is taken to be the external field] and pun, = e f ¥,,(2)2¢s(2)dz is the dipole moment
between subband m and subband n. The quantities ff(m = 1,2,3) are considered to be
the quasi-equilibrium distribution functions which are related to the Fermi-Dirac functions
f9(m = 1,2,3) in the absence of pump field. Thus, for a given temperature and electron
density, the steady-state nonequilibrium distribution function for each subband is uniquely
determined from Egs. (1)-(3). Here we would like to emphasize that in our treatment the
total particle number in our QW system is conserved, i.e., fi + fo + f3 = fl(ﬂ) + f-éo) + fg(,o).

Taking into acconnt the pump and THz wave interactions in the QW svstem,!! the off-

diaganol element of the density matrix operator between subband 3 and subband 2 at the

THz frequency w is given by
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where F, is the THz field amplitude, and
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A(w, wp) in Eq. (5) is responsible for the optical Stark effect while R(w, w,) gives rise to the
Raman gain of the QW svstem. From Eq. (5) we define the susceptibility for the THz probe

ficld as
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.. being the width of the active laver. Therefore, the optical gain is given by



G(w) = ———Im[x(w)] - (9)

Collp

Note that, if we neglect A(w,w,) in Eq. (5) and let fi, = ) in Egs. (5) and (7), the

E,? as in

Raman gain given in Eq. (9) is linearly proportional to the pump intensity or
Refs. [7] and [8]. Also we notice from Eq. (5) that the influence of the pump field to the
optical gain (or loss) is through the combination of stimulated Raman processes, the optical
Stark effect, and the population redistribution. Therefore, the optical gain is in general not
linearly dependent on the pump intensity, as we will see in the following.

Using FEgs. (1)-(9) we calculated the THz gain spectrum of a GaAs/AlGaAs step QW
at different pump frequencies and intensities. The QW structure used in our calculations is
similar to that in Ref. [12]. The deep well width is 65 A and the shallow well width is 130 A.
The barrier height (relative to the deep well) is 225 meV and the step barrier height is 140
meV. Using these paramceters we found that at k=0 E3 = 25.0 meV and Ey, ~ 1249 meV
(the effective mass for each subband was also determined). The other parameters employed
in our calculations are: T'jp = I'j3 = [93=3.0 meV, T=0.6 ps, 75,=1.0 ps, 73;=1.2 ps, and
r32=1.5 ps.® To avoid the strong plasma absorption for the THz field, we used a small sheet
electron density of 5.17x10'% ¢m~2 The temperature was taken to be T=100 K. In Fig. 1
we show the TIHz gain spectra (solid curves) of our QW structure at the pump photon
energy of hw, = E3 for different pump intensities, namely, 0.1, 0.3, and 1.0 MW /em?.
For comparison, we also plot in dashed curves the caleulated THz gain without stimulated
Raman contributions. Tt appears from Fig. 1 that varving the pump intensity leads to not
only a change in the maximum value of the THz gain but also a notable shift of the peak
position. The blueshift of the peak position in the gain spectrum is due fo the optical
Srark cffect. We also note from Fig. 1 that, as the pump intensity increases from 0.1 to 1.0
MW /ecm?, the maximum gain first increases and then decreases. When the pump intensity
is further increased, the gain decreases monotonically.  This gain saturation stems {rom
both optical Stark effect and punp-induced population redlistribution.  (Gain saturation

due to pump flicld depletion s not included in our theory. This effect is important when



the conversion efficiency is large. We expect that this is not the case in our calculations.)
In comparing solid and dashed curves in Fig. 1, it is evident that the stimulated Raman
scattering contributes significantly to the THz gain.

To see more clearly the saturation behavior of the THz gain, we show in Fig. 2 the gain
of our QW system as a function of the pump intensity for different probe frequencies, i.e.,
hw =20, 25 and 30 meV. The maximum gain versus the pump intensity is also displayed.
In calculating Fig. 2 a pump photon energy of fiw, = Ej3 was used. We see from Fig. 2
that, when the puinp field is very weak, the gain almost linearly increases with an increase
in the pump intensity. This should be expected because in the weak pumping case the
perturbation theory is valid. However, when the pump intensity is increased to certain values
(say >~0.2 MW /cm?), our calculated results deviate substantially from those predicted from
the perturbation calculations.

In conclusion, we have calculated terahertz gain of optically-pumped semiconductor step
quantum wells. Both the coherent pump and probe wave interactions and pump-light-
induced population redistribution are taken into account. Our calculations show that the
optical gain is strongly dependent on the pump intensity and frequency, and the maximum
gziin 1s not linearly proportional to the pump intensity even when the pump field is mod-
erately strong. Because of the coherent pump and THz wave interactions as well as the

light-induced population redistribution among the subbands, gain saturation is predicted.
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FIGURES
FIG. 1. THz gain spectra of a GaAs/AlGaAs step QW with a subband separation of F3; ~25.0

meV at a pump photon energy of hw, = E3; for different pump intensities, i.e., 0.1, 0.3, and 1.0
MW /cm?. The dashed curves represent the results without the contribution from the stimulated
Raman scattering. In the inset, a schematic diagram shows a three-subband step QW driven by a

pump field and THz emission due to transitions from subband F3 to subband E,.

FIG. 2. THz gain spectra of a GaAs/AlGaAs step QW as a function of the pump intensity for
different probe frequencies, i.e. hw = 20, 25, and 30 meV. The pump photon energy is hAwp, = Ej,.

The dashed line shows the maximum gain of the QW system.



400

TH T=100 K
E3
300 [~ Ez i
5
= pump B/ LoMWen’
£ 200 | £/ NN/ *
O T~ \\ \
N N \\\*\ 0.5 MW/cm®
m // \\ \ \\
B~ AR '
100 | N\ —
0.1 MW/em® Ne sa
O ——— | X ] N I . ] —
10 15 20 25 30 35 40
Photon Energy (meV)

FIG. 1



400 e

Maximum Gain

300

200

100

THz Gain (1/cm)

0 0.5 1 1.5 2 2.5 3

Pump Intensity (MW/ cm2)

FIG. 2



